The transport process in the fluld phase during
The results of the present experiments for the purely thermal cases are adequately correlated by the equation Nu = 0.0862 Ra0.322 in the range 9xlO b < Ra < 2xlO _.
For the purely solutal cases, the mass transfer data can be correlated by the equatlon Sh : 0.1326 (Sc Grm)0"328 in the range IxlO 9 < Ram < 2.4xI0 II. The growth of crystals Is a coupled process of heat and mass transfer, fluid flow, phase transformations, and chemical reactions.
Although the technology of crystal growth is well grounded in physical chemistry, the treatment of the transport phenomena has been relatively rudimentary and empirical.
Recently, it was recognlzed that convection, as a result of temperature or concentration gradients, l occurs in many aspects of materials processing including solidification, oxidation of surface material, and crystal growth.
The rate of crystal growth Is often limited by the mass transfer because It is the slowest process.
In almost all the commonly used techniques 'the parent phase is a fluid.
As In most nonequilibrium processes involving a fluid, convection plays a dominant role in that It affects the fluidphase composition and temperature at the phase interface.
The fluid motion in many cases is determined by the locally generated motion. The Flows are due either to the effects of temperature and/or concentration gradients In a body-force field. 2
In some crystal-growth techniques, the completely confined fluid phase is subject to vertical temperature and/or concentration gradients. To gain insights on such flows, an experimental program was initiated to study flows In rectangular enclosures with vertical temperature or concentration gradients between horizontal end walls.
The present work for purely thermal cases Is intended to glve a comprehensive understanding of natural convection heat transfer In enclosures wlth thermally insulated vertical walls by systematically varying the parameters Ra and Ar. The fluid is tap water In these thermal experiments.
An electrochemical system based on a diffusioncontrolled electrode reactlon was employed to create the vertical concentration gradients. The apparatus was a rectangular cavity wIth the horizontal end walls being the electrodes.
All other walls were insulated.
The fluid was a copper sulphate (CuSO4)-acld (H2SO 4) solution for purely solutal experiments.
Experimental Design Dimensionless Parameters
Based on the basle differential equation for natural convection In an enclosure wlth thermal or solutal buoyancy forces (Fig. I) , it can be shown that the following dlmenslonless parameters are important in the present work.
Thermal Grashof number, Gr = gB A Td3/v 2 Prandtl number, Pr -vl_ Schmidt number, Sc -v/D Solutal Grashof number, Gr m = g_ A Cd3/v 2 Aspect ratio, A = d/L Wlth the present system the ranges of the dimensionless parameters covered for purelyrthermal cases are Pr = 4.0 to 7.0, Gr , 1.3xlO o to 5.0xlO 8, Ar = 0.65 to 2.6, and for purely }olutal cases are Sc -2000 to 2100, Grm . 5.0xlO _ to 1.2xlO 8, Ar = 0.68 to 1.34. All fluid properties are evaluated at the average temperature of the hot and cold walr_ In the thermal cases. In the solutal cases fluid properties are evaluated at the average concentration of the bulk solution.
Test Apparatus
A sketch of the experlmental system Is presented In Flg..l.
The test cell is a rectangular enclosure formed with four insulating plexiglas plates and two copper plates (both thermally and electrically conductive). The width, L, Is 7.7 cm or 8.2 cm and the height is variable so that a range of aspect ratios can be covered.
The depth of the enclosure is relatlvely large (23.9 cm or 21.2 cm).
The two copper horizontal end walls are 0.7 cm thick.
For the purely thermal cases, an electrical heating mat Is bonded to the back of the bottom copper plate and a circulating water system cools the top copper plate (Flg. 2(a)), so that a uniform temperature can be imposed on the top surface.
The plexiglas surfaces are wrapped with 5 cm thick flberglass insulation to ensure an adiabatic boundary condition.
There are six thermocouples embedded in each copper plate to measure the unlformity of the temperature over the entire surface.
A thermocouple probe with a two-dimensional traversIng mechanism is inserted into the test section to measure the temperature distribution inside the enclosure.
A Leeds and Northrup millivolt potentiometer is used .to measure the thermoelectric emf from the copper-constantan thermocouples.
The test field Is a copper-sulphate-acld solution (CuSO 4 + H2SO 4 + H20) for the purely solutal cases.
When a voltage Is applied to the electrodes, copper dissolves Into the solution at the anode and is deposited at the cathode (Fig. 2<b) ). As a result, the density of the fluid near the cathode (anode) becomes lower (higher) than that of the bulk of the solution.
The migration of cupric ions In the electrlc field is eliminated by adding sulphurlc acid to the solution, which acts as a supporting electrolyte, and thus the transport of the cupric ions Is controlled only by diffuslon and convection.
The equipment for measuring the current and potentlal are shown schematically In Flg. 2. A dc power supply was used in the tests as the power source to the test cell and two dlgltal multimeters are necessary to obtain values of current corresponding to each potentlal settlng. A potential recorder was used to record the voltage as a functlon of tlme.
Test Procedure
The method used to visualize the flow patterns in the present work for purely thermal cases Is an electrochemical method called the ph-lndicator method. 4 For this test thymol blue is added to the water in the container to produce O.Ol percent by weight solution, and then the ph of the solutlon is adjusted to place It on the yellow slde of the end-polnt.
Two electrodes are placed in the solution.
When adc voltage (about 6 V in the present experiment) is applied between the electrodes, a small volume of colored solution forms around one of the electrodes and moves from the electrode with the fluid motion Forming a neutrally buoyant marker.
The color change occurs because the color of the basicformof thymol blue (blue) Is different fromthat of the acidform (yellow).
Although the temperature of the copper walls can be easily measured by thermocouples, the concentration levels at the wails can not be so easily determined. One relatively slmple way to set the concentration level at the cathode in the present system Is to adjust the cell potential In such a way that the saturatlon (llmltlng) current is obtained.
Under the limiting current cond_tlon the Ion concentration at the cathode surface Is zero.
In other words, the change In concentration across the solutal boundary layer along the cathode ((AC)cathod e) Is C b. The limiting-current condition is valid at the cathode but not along the anode surface.
However, since the net mass fluxes at the cathode and anode are considered to be equal and since the concentration outside the solutal boundary layers of both walls is C b, it is reasonable to expect that the average change in concentration across the solutal boundary layer along the anode ((AC)anod e) is nearly equal to (AC)cathod e.
Then, the overall concentration difference across the cell Is AC = (AC)cathod e + (AC)anod e = 2Cb and thus Grm
Is defined based on AC = 2Cb In the present worK.
The above concept assumes that Cb remalns constant, but as convection develops In the cell the concentration level remains constant only on the average.
Moreover, due to electrolysis the copper wall surfaces become rough slowly wlth time, which causes the current densities at the walls to decrease and the cathode deviates gradually from the Ilmitlngcurrent condition.
For thls reason, the duration of each run for the pure solutal cases is limited to 2 hr, Far shorter than the tlme required to attain steady solutal convection.
It should thus be evident that the concentration boundary condltions are not as well-deflned as the thermal conditions.
After each Fun the electrodes are carefully cleaned and polished.
The cell voltage Is Increased stepwise by a manual control and the corresponding total current is read after each steady state is attalned. This procedure is repeated until a potentlal-current plateau is obtained.
The potential stepping rate Is chosen as 20 mV/40 sec. The flow pattern and the concentration distributions are vlsually observed.
Since the density of the solution changes wlth cupric Ion concentratlon a quaIItatlve picture of the flow configuration Is obtained From the shadowgraph techniques.
Experimental Results

Purely Thermal Cases
The flow structures were studied by the aforementioned ph-lndIcator technique. Based on these observatlons the flow structures are shown in Figs. 3 to 5.
"Thermals" rising from the bottom of the test cell and falling from the top of the test cell are evident.
The domlnant motion In the test cell Is that of the thermals.5, 6
Flgure 6(a) and (b) shows typical mean temperature profiles.
The mean temperature distributions are presented In the dimensionless form.
The magnitude of the temperature, Tz -Tc, Is normalized by the temperature difference, AT, across the layer.
The subscript z denotes a condition at a dlstance z from the bottom plate. It was found that the temperature changed sharply near the top and bottom plate_'and the temperature distribution of the bulk flow was uniform.
To record temperature disturbances Induced by the thermals, the thermocouple probe was placed as near as possible to the bottom and top surfaces of the test cell. 
Purely Solutal Cases
In the present electrochemical system operated under isothermal conditions the deposition of cupric Ions on the cathode wall leaves behind less dense fluid.
The lighter fluid rlses toward the top of the test section.
The downward flow in the boundary layer near the anode feeds heavier fluid toward the bottom wail. 7 Simple shadowgraph studles (Figs. lO and Ill suggested a very comp!ex flow structure over the Sc Gr m range IxlO 9 to 2.4xlO II It may be useful to compare in detail the purely solutal convectlon flow structure with that for purely thermal convection because the overall flow structures look somewhat similar for both cases.
An important fundamental contrast, however,
In the flow structures produced by purely so]utal convection and purely thermal convection is illustrated in Figs. II and 5.
In the heat transfer situation there are far Fewer convection columns (thermals) than for mass transfer.
The most convenient method for studying rates of mass-transfer by the free convection mechanism Is by measuring the maximum rate of the electrode reaction (i.e., llmitlng current) which may be maintained In the quasl-steady state.
With the limitlng current per unit area of the cathodes, iL, known the mass transfer according to Ref 
